Tuberous sclerosis complex (TSC) is a genetic disorder characterized by seizures, mental disability, renal dysfunction and dermatological abnormalities. The disease is caused by inactivation of either hamartin or tuberin, the products of the TSC1 and TSC2 tumour-suppressor genes. Hamartin and tuberin form a complex and antagonise phosphoinositide 3-kinase/protein kinase B/target of rapamycin signal transduction by inhibiting p70 S6 kinase, an activator of translation, and activating 4E-binding protein 1, an inhibitor of translation initiation. Phosphorylation-dependent binding between tuberin and members of the 14-3-3 protein family indicates how the tuberin-hamartin complex may interact with upstream and downstream effectors, and suggests how phosphorylation-dependent regulation of the complex may be controlled.
Introduction
Tuberous sclerosis complex (TSC) is an autosomal dominant disorder caused by inactivating mutations to either the TSC1 gene on chromosome 9q34 or the TSC2 gene on chromosome 16p13 [1] . The cloning of the TSC1 and TSC2 genes, and the identification of the Eker rat [2, 3] and Drosophila gigas [4] models of the disease has facilitated progress towards understanding the molecular pathology of TSC. TSC1 encodes a 130 kDa protein called hamartin, and TSC2 encodes a 200 kDa protein called tuberin [5, 6] . Hamartin and tuberin do not share any amino acid sequence identity. Alternative splicing of the TSC2 gene combined with multiple phosphorylation events explains the existence of multiple tuberin isoforms [7] .
Tuberin and hamartin form a complex and it has been suggested that mutations to either protein inactivate the complex, causing many of the lesions seen in TSC patients [8, 9] . Experiments in Drosophila demonstrated that tuberin and hamartin inhibit cell growth downstream of phosphoinositide 3-kinase (PI3K) and protein kinase B (PKB; Akt), but upstream of p70 S6 kinase (S6K) [10] [11] [12] . Upon stimulation of the PI3K/PKB/target of rapamycin (TOR) signalling pathway, tuberin is phosphorylated by PKB [13] . This inactivates the tuberin-hamartin complex, allowing phosphorylation of S6K and 4E-binding protein 1 (4E-BP1) and increased cell growth [14] [15] [16] .
Activated phosphorylated S6K phosphorylates the ribosomal protein S6, stimulating translation, while phosphorylation of 4E-BP1 prevents 4E-BP1 from binding the elongation factor elF4E and thereby promotes the initiation of translation [17] . Phosphorylation of S6K and 4E-BP1 is Key words: 14-3-3 protein, hamartin, phosphoinositide 3-kinase (PI3K)/protein linase B (PKB)/target of rapamycin (TOR) signalling, tuberin, tuberous sclerosis complex (TSC). Abbreviations used: TSC, tuberous sclerosis complex; PI3K, phosphoinositide 3-kinase; S6K, p70 S6 kinase; 4E-BP1, 4E-binding protein 1; PKB, protein kinase B; TOR, target of rapamycin; FKHRL1, forkhead in rhabdosarcoma L1. 1 To whom correspondence should be addressed (e-mail m.nellist@erasmusmc.nl).
a consequence of the activation of the protein kinase TOR. Initial studies indicated that the tuberin-hamartin complex antagonizes TOR signalling, possibly through a direct interaction [15, 18, 19] . However, other work suggests that the tuberin-hamartin complex inhibits S6K independently of TOR [20] .
The exact mechanism for tuberin-hamartin-dependent inhibition of S6K activity has not yet been determined. Therefore, whether the tuberin-hamartin complex acts through TOR, or with other downstream effectors to regulate cell growth independently of TOR, the identification of proteins that interact with tuberin and hamartin will further our understanding of cell-growth control mechanisms, as well as providing insight into the molecular pathology of TSC.
Tuberin interacts with 14-3-3 proteins
In the last year, four studies have been published describing the interactions between tuberin and members of the 14-3-3 protein family [21] [22] [23] [24] . Yeast two-hybrid screens using tuberin as bait identified multiple 14-3-3 clones, encoding 14-3-3β and 14-3-3ζ [21, 24] . Two-hybrid analysis of tuberin and 14-3-3β mutants provided confirmation that the interactions were specific. In addition, the hybridization of tuberin-derived peptides to an array of known proteinprotein-binding domains identified an interaction between a phosphorylated tuberin peptide and both 14-3-3γ and 14-3-3ζ [23] . The tuberin-14-3-3 interactions were confirmed in co-immunoprecipitation experiments and by in vitro assays using recombinant tuberin and/or 14-3-3 proteins [21] [22] [23] [24] .
14-3-3 proteins are small (28-33 kDa) acidic polypeptides that are expressed in all eukaryotic cells and show a considerable degree of conservation of both structure and function [25] . In vertebrates, the 14-3-3 protein family consists of nine closely related isoforms, α, β, γ , δ, ε, ζ , η, σ and τ [26] . Although the screening experiments detected binding between tuberin and 14-3-3ζ , 14-3-3γ and 14-3-3β, in in vitro assays tuberin interacted with all the 14-3-3 isoforms tested [21, 23] .
14-3-3 proteins consist of nine anti-parallel α-helices (A-I) that assume a cup-shaped conformation [27] . Conserved hydrophobic and polar residues in helices A, C and D mediate the formation of stable 14-3-3 homo-and heterodimers, whereas polar and charged residues in helices E, G and I form a characteristic phosphopeptide-binding pocket. This pocket has a high affinity for two consensus phosphopeptide sequences, Arg-Ser-Xaa-pSer/Thr-Xaa-Pro (mode I; where p indicates a phosphorylated residue) and Arg-Xaa-Xaa-Xaa-pSer-/Thr-Xaa-Pro (mode II) which are often present in the proteins bound by 14-3-3 [28] . The binding between 14-3-3 proteins and specific phosphoserine/ threonine sequences allows putative 14-3-3 binding partners and their specific 14-3-3-recognition domains to be identified using Scansite (http://scansite.mit.edu) [29] . 14-3-3 proteins are members of a group of proteins that specifically interact with phosphorylated proteins, facilitating the phosphorylation-dependent control of protein activity [30] .
14-3-3 proteins are stiff molecules [27, 31] . Binding between a 14-3-3 protein and a Arg-Ser-Xaa-pSer/Thr-XaaPro or Arg-Xaa-Xaa-Xaa-pSer-/Thr-Xaa-Pro recognition site results in deformation of the target protein and changes in protein activity [27] . For example, binding between phosphorylated BAD, a death-promoting Bcl-2 family protein, and 14-3-3 proteins prevents BAD from interacting with Bcl-2 and results in the inhibition of apoptosis [25] . 14-3-3 binding can therefore disrupt protein complexes. However, 14-3-3 proteins can also promote protein-protein interactions, acting as phosphorylation-dependent bridge molecules between, for example, Raf and the Raf-interacting protein Bcr [32] . In addition, a general function of 14-3-3 binding is to inhibit nuclear import [30] . For example, the transcription factor forkhead in rhabdosarcoma L1 (FKHRL1) is phosphorylated by PKB and is then bound by 14-3-3 proteins which prevent it from crossing the nuclear membrane, activating transcription [33] . Finally, 14-3-3 binding can alter the activity of a target protein, either by direct up-or down-regulation of activity, or by targeting the protein for dephosphorylation and/or proteolysis [25] . The different functions of 14-3-3 proteins are indicated in Figure 1 .
14-3-3 proteins regulate signal transduction [34] and have been shown to be downstream effectors of TOR signalling [35] , conferring rapamycin resistance on yeast cells by helping retain TOR-dependent transcription factors in the cytoplasm [36] . The interaction between tuberin and 14-3-3 proteins may provide additional insight into how the tuberin-hamartin complex functions in PI3K/PKB/TOR signal transduction and the control of cell growth.
Tuberin-14-3-3 binding is phosphorylation-dependent
The 14-3-3-recognition motif is similar to the consensus motifs required for protein phosphorylation by the protein Figure 1 14-3-3 protein functions Schematic diagram to illustrate the different roles of the 14-3-3 protein family in the cell, based on [25] . (A) Disruption of the BAD-Bcl2 protein complex [25] ; (B) promotion of Raf-Bcr binding [32] ; (C) retention of FKHRL1 in the cytoplasm [33] ; (D) activation of tryptophan hydroxylase (TPH) [43] and inactivation of Ask-1 kinase [44, 45] .
kinases A, B and C. It has been suggested that these motifs have co-evolved so that phosphorylated proteins will subsequently interact with 14-3-3 proteins [26] . As shown in Table 1 , tuberin contains both putative 14-3-3 (mode I)-recognition motifs and PKB-phosphorylation sites. Motifs surrounding tuberin amino acids Ser-939, Ser-981 and Ser-1338 correspond to both PKB-and 14-3-3-recognition sites. Phosphorylation of tuberin has been described [37, 38] and, more specifically, tuberin amino acids Ser-939 and Thr-1462 have been shown to be phosphorylated directly by PKB [13] .
The domain hybridization experiments suggested that Ser-939 phosphorylation may be necessary for tuberin-14-3-3 binding [23] . Consistent with these findings, tuberin-14-3-3ζ binding was inhibited by over-expression of a dominant negative isoform of PKB [21] . In addition, the tuberin-14-3-3 interaction was inhibited by phosphatase activity [21, 22] and phosphatase inhibitors stabilized tuberin-14-3-3 binding [21] . These experiments demonstrated that the Table 1 Conservation of putative sites of PKB-dependent phosphorylation and 14-3-3-recognition motifs in human, rat and mouse tuberin
The best eight predicted 14-3-3-recognition motifs and best eight predicted sites of PKB phosphorylation in human tuberin were identified using Scansite (http://scansite.mit.edu) [29] and compared with the corresponding sequences from rat and mouse. The amino acid position of the phosphorylated serine (Ser) or threonine (Thr) is indicated and the figures in parentheses indicate the percentile ranking of the candidate motifs calculated with respect to all the potential motifs in a protein database. Sites predicted to be phosphorylated by PKB that also correspond to 14-3-3-recognition motifs are highlighted in bold. Note that only the best predicted human sites are presented. The Scansite ranking of the same sites in rat and mouse tuberin is, in each case, slightly different. For example, no 14-3-3-recognition motif is predicted in the region of mouse tuberin corresponding to Ser-1254 in the human and rat proteins. Tuberin amino acids are numbered according to the appropriate full-length protein, as submitted to GenBank r . For this reason there are consistent differences with the numbering used in this review and in, for example, [22] and [24] . 
Interaction between 14-3-3 proteins and the tuberin-hamartin complex
Tuberin interacts directly with hamartin to form a functional complex [8] [9] [10] [11] [12] . Detection of a ternary complex of tuberin, hamartin and 14-3-3 suggests that the tuberin-14-3-3 interaction is compatible with tuberin-hamartin binding and that 14-3-3 proteins interact with the tuberin-hamartin complex [21, 24] . In the absence of tuberin, hamartin is insoluble and unstable [39] , making it difficult to test whether hamartin binds 14-3-3 proteins directly in either co-immunoprecipitation experiments or pull-down assays [21, 24] . However, there was no evidence for a direct interaction between hamartin and 14-3-3 proteins in yeast two-hybrid experiments [21, 24] , making it most likely that hamartin and 14-3-3 proteins are indirectly associated through the interactions of both proteins with tuberin. Tuberin phosphorylation by PKB promotes tuberin-14-3-3 binding [23] but may disrupt the tuberin-hamartin complex [14, 15] . How is it possible, therefore, that tuberin-14-3-3 and tuberin-hamartin binding are compatible? Clearly, additional work is required to reconcile these somewhat contradictory findings. One possibility is that phosphorylation of tuberin by PKB is not sufficient to disrupt the tuberin-hamartin complex [13] . Alternatively, 14-3-3 proteins may bind tuberin phosphorylated independently of PKB. It will be interesting to determine how the tuberin-14-3-3 interaction influences the tuberinhamartin complex. Are 14-3-3 proteins necessary to disrupt the tuberin-hamartin complex, or do they hold the complex together, antagonizing phosphorylation-dependent disruption of tuberin-hamartin binding? To characterize the effect of the tuberin-14-3-3 interaction on the tuberinhamartin complex in more detail, the 14-3-3 recognition sites on tuberin were mapped [21, 22] .
Mapping the 14-3-3 binding site(s) on tuberin
Tuberin is subject to multiple phosphorylation events [13, 22] . The tuberin-14-3-3 interaction is phosphorylationdependent [21] [22] [23] [24] and two studies concluded that the binding was dependent on PKB [21, 23] . However, mutation of six putative PKB-phosphorylation sites did not prevent tuberin from binding 14-3-3β [22] , suggesting that the tuberin-14-3-3 interaction may be independent of PKB. Co-immunoprecipitation experiments indicated that 14-3-3 proteins bind between tuberin amino acids 1145 and 1364 and that the 14-3-3-binding motif surrounding Ser-1254 is essential for binding [22] . However, in contrast to the co-immunoprecipitation experiments, pull-down assays suggested that tuberin contains multiple 14-3-3-binding sites [21] . Using this assay, a S1254A substitution did not affect the tuberin-14-3-3 interaction, while a R611Q substitution, that inhibited tuberin phosphorylation [38] , and a S939A Figure 2 Amino acid substitutions affect the interaction between tuberin and 14-3-3ζ COS-1 cell lysates overexpressing wild-type tuberin (TSC2) or the R611Q, S939A and S1254A variants were incubated with glutathione S-transferase-14-3-3ζ beads as described previously [21] . Wild-type tuberin and the S1254A variant were retained by the beads more efficiently than the S939A and R611Q variants.
substitution both reduced tuberin-14-3-3 binding, as shown in Figure 2 . Why are the data so different?
Technical differences between the assays may explain the different outcomes, or the fact that proteins from different species (rat and human) were studied. However, perhaps the most interesting possibility is that different isoforms of tuberin exhibit different 14-3-3-binding behaviours. A S1254A substitution, but not a S939A substitution, eliminated binding between 14-3-3β and a tuberin isoform lacking amino acids 946-990 [22] . In a tuberin isoform containing amino acids 946-990, the situation is reversed. A S939A substitution, but not a S1254A substitution, reduced tuberin-14-3-3 binding (Figure 2 ). Tuberin amino acids 946-990 correspond to the alternatively spliced exon 25 of the TSC2 gene and contain a potential site of PKB-dependent phosphorylation (Ser-981) that also matches the consensus 14-3-3 recognition motif [13] (Table 1) . Interactions between 14-3-3 proteins and their targets are often stabilized by dimerization of the 14-3-3 protein and interaction between the dimer and two adjacent phosphorylated recognition motifs on the target protein [40] . Absence of the Ser-981 motif may destabilize the tuberin Ser-939-14-3-3 interaction, leaving Ser-1254 as the primary site of tuberin-14-3-3 binding, and stabilization of tuberin-14-3-3 binding in the presence of both the Ser-939 and Ser-981 motifs may compensate for the absence of the Ser-1254 motif. Consistent with proposals that the tuberin-14-3-3 interaction is phosphorylation-dependent, Ser-1254 is phosphorylated [22] . However, it has not yet been determined whether Ser-1254 is phosphorylated by PKB. The Ser-1254 motif does not correspond to a consensus PKB phosphorylation site.
An alternative explanation for the conflicting results is that deletion of tuberin amino acids 946-990 may cause a conformational change, exposing or obscuring 14-3-3-recognition motifs. This would be similar to the effect of the R611Q mutation on tuberin-14-3-3 binding. Although the R611Q substitution does not alter a recognized phosphorylation or 14-3-3-binding site directly, it still inhibits tuberin-14-3-3 binding, tuberin phosphorylation and tuberin-hamartin binding, presumably by causing a significant conformational change to tuberin [38] . Another possibility is that in the short tuberin isoform the S1254A substitution induces a conformational change that prevents phosphorylation or 14-3-3 binding at Ser-939. Amino acids 946-990, on the other hand, may maintain access to the 14-3-3-binding site around Ser-939, despite changes at the Ser-1254 motif.
Function of tuberin-14-3-3 binding
Why do 14-3-3 proteins interact with tuberin, possibly at multiple, phosphorylated sites? Phosphorylation of both S6K and 4E-BP1 was increased in cells over-expressing 14-3-3β, indicating that 14-3-3 proteins antagonize the inhibition of S6K and 4E-BP1 phosphorylation by tuberin and hamartin [22, 24] . 14-3-3 proteins are downstream effectors of PI3K/PKB/TOR signalling themselves [35, 36] . To demonstrate that the 14-3-3-dependent antagonism of tuberin-hamartin function was due to the direct interaction between tuberin and 14-3-3 proteins, the effect of 14-3-3β expression on S6K phosphorylation by a short tuberin isoform containing the S1254A substitution was investigated [24] . This isoform inhibited S6K phosphorylation, but did not interact with 14-3-3β. The tuberin S1254A-dependent inhibition of S6K phosphorylation was not antagonized by co-expression of 14-3-3β, indicating that 14-3-3 proteins are direct antagonists of tuberin-hamartin function.
Inhibition of tuberin-hamartin function by the interaction between 14-3-3 proteins and phosphorylated tuberin is consistent with current models of both 14-3-3 protein function [25] and PI3K/PKB/TOR signalling [17] . PKBdependent phosphorylation of tuberin at Ser-939 and Thr-1462 antagonises the tuberin-dependent inhibition of S6K [13, 14] , while phosphorylation at Ser-1254 has a similar effect, but requires interaction with 14-3-3 proteins [24] . It will be important to establish whether these two mechanisms are independent. Figure 2 indicates that tuberin Ser-1254 phosphorylation does not necessarily influence the tuberin-14-3-3 interaction. Instead, Ser-939 phosphorylation appears to be more important for the interaction. The effect of coexpression of 14-3-3 proteins and tuberin isoforms containing both the Ser-939 and Ser-981 14-3-3-recognition motifs, normal or inactivated, should help determine how different tuberin isoforms interact with 14-3-3 proteins to regulate S6K and 4E-BP1 phosphorylation.
Perspectives
The identification of the role of tuberin and hamartin in PI3K/PKB/TOR signalling has facilitated progress towards possible therapeutic treatments for TSC [41] . However, the mechanisms whereby the tuberin-hamartin complex inhibits phosphorylation of both S6K and 4E-BP1, either through TOR or independently of TOR, are not known. It is likely that there are additional factors involved in the regulation of tuberin and hamartin function. Identification of these factors will further our understanding of TSC and tell us more about the control of cell growth through PI3K, PKB and TOR. Phosphorylation of tuberin, followed by the binding of a 14-3-3 protein results in inactivation of the tuberin-hamartin complex and activation of S6K and 4E-BP1 [24] . How do 14-3-3 proteins achieve this regulation?
Tuberin-14-3-3 binding may inhibit tuberin dephosphorylation, thereby stabilizing inactive phosphorylated tuberin, or may recruit other protein components to inactivate the tuberin-hamartin complex. In addition, tuberin-14-3-3 binding may inhibit the import of phosphorylated tuberin into the nucleus [42] . In yeast, 14-3-3 proteins bind transcription factors that are phosphorylated via TORdependent signalling, and prevent import of these factors into the nucleus [35] .
The identification and characterization of the interaction between tuberin and 14-3-3 proteins has provided new insight into how the tuberin-hamartin compex regulates PI3K/PKB/TOR signalling. 14-3-3 proteins antagonize tuberin-hamartin function through their interaction with phosphorylated tuberin [21] [22] [23] [24] . However, many questions are still unresolved. In particular it will be essential to determine the exact nature of tuberin-14-3-3 binding. Are multiple phosphorylation sites involved and is the interaction of tuberin with, and consequently regulation of tuberin by, 14-3-3 proteins dependent on the tuberin isoform that is expressed? Answering these questions will help determine how regulation of the tuberin-hamartin complex is coordinated and indicate why alternative splicing of the TSC2 gene may be an important mechanism controlling cell growth in specific cells and tissues. Ultimately, full characterization of the interaction between tuberin and proteins of the 14-3-3 family will help explain how tuberin inactivation causes the devastating symptoms associated with TSC.
